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Deciphering the evolution of ecological interactions among the metabolic
types during the early diversiﬁcation of life on Earth is crucial for our
understanding of the ancient biosphere. The stromatolites from the genus
Conophyton cylindricus represent a datum for the Proterozoic (Meso to
Neoproterozoic) on Earth. Their typical conical shape has been considered a
result of a competition between microorganisms for space, light and nutrients.
Well-preserved records of this genus from the “Paleontological Site of
Cabeludo”, Vazante Group, São Francisco Craton (Southern Brazil) present in
situ fossilized bioﬁlms, containing preserved carbonaceous matter.
Petrographic and geochemical analyses revealed an alternation between
mineral laminae (light grey laminae) and fossilized bioﬁlms (dark grey
laminae). The dark grey laminae comprise three different bioﬁlms recording
a stratiﬁed microstructure of microbial communities. These three bioﬁlms
composing the dark grey laminae tend to be organized in a speciﬁc pattern
that repeats through the stromatolite vertical section. Iron and manganese are
distributed differently along the dark and light grey laminae; X-ray absorption
and luminescence data showed possible different areas with authigenic iron
and iron provided from diagenetic inﬁltration. Cryptocrystalline apatite in the
lowermost bioﬁlms in each dark grey laminae may suggest past metabolic
activity of sulﬁde-oxidizing bacteria. These ﬁndings suggest that the
microorganisms reached a complex metabolic diversiﬁcation in order to
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maintain an equilibrium situation between the three different bioﬁlms along the
vertical section of the structures, thus beneﬁting the whole microbial
community. This means that the stromatolites from the Conophyton genus
may have formed as a result of a greater complexity of interactions between
microorganisms, and not only from competition between photosynthesizers.
KEYWORDS

Conophyton, Proterozoic,
biomineral, bioﬁlm

1 Introduction

metabolism,

sulﬁde-oxidizing

bacteria,

2005). These stromatolites have a characteristic morphology of a
columnar structure without branches; in the vertical section,
Conophyton is built up by conical laminae that were developed
around a central axis (Sallun Filho and Fairchild, 2005). This type
of stromatolite only occurs in between Meso to Neoproterozoic
in records worldwide, although the reasons for this temporal
restriction remain unknown. Therefore, Conophyton are
considered a datum for this geological time interval (Preiss,
1976). There are several examples of Conophyton occurrence
around the world, such as Vendian Conophyton gaubitza Krylov
from Chichkan Formation (Karoy Group), South Kazakhstan
(Schopf, 1976); Mesoproterozoic Atar Group, Mauritania
(Bertrand-Sarfati, 1972; Bertrand-Sarfati and MoussinePouchkine, 1985; Kah et al., 2009; Burne, 2022);
Mesoproterozoic in several units from Brazil: Paranoá,
Itaiacoca, Bambuí and Vazante Group (Moeri, 1972; Cloud
and Dardenne, 1973; Cloud and Moeri, 1973; Sallun Filho and
Fairchild, 2005); Neoproterozoic Conophytons from Mina
Verdun Group (El Calabozo Formation), Uruguay (Gaucher
et al., 2004); Mesoproterozoic Conophytons from Helena
Formation, Belt Supergroup, Montana, United States
(Horodyski, 1985), among others.
It is hypothesized that the typical conical shape of
Conophyton is a result of a competition for sunlight and space
among microorganisms which formed the structures (Walter,
1977; Sallun Filho and Fairchild, 2005). The competition for
sunlight and for nutrients in the same space would induce the
bioﬁlms to grow in greater volume towards the apical region of
the stromatolite in formation. This is corroborated by the
preservation of accumulated carbonaceous matter in the apical
region of each laminae of fossilized stromatolites.
Stromatolites of subgroup Conophyton cylindricus Maslov
1937 are exposed at the “Paleontological Site of Cabeludo”
belonging to the Sumidouro Member, Lagamar Formation, Upper
Vazante Group, São Francisco Craton (Southeastern Brazil) (Moeri,
1972; Cloud and Moeri, 1973; Sallun Filho and Fairchild, 2005;
Fairchild et al., 2015). These structures are remarkably well preserved
despite their age of 1.350 Ma to 950 Ma (Cloud and Dardenne, 1973;
Cloud and Moeri, 1973; Dardenne, 2005). Fossilized bioﬁlms can be
observed in its microscopic texture, intermingled with minerals. This
opens a window for possibilities of exploration of possible
biosignatures preserved in order to better understand the
biological controls that exert a role in the conical formation.

Since the Archean microorganisms were able to adjust
themselves to external factors by developing the ability of
organization into a complex consortium of single or multiple
species called a bioﬁlm (Neu 1994; Neu 1996; Davey and O´Toole
2000). Bioﬁlms are made up of secreted extracellular polymeric
substances (EPS) that serve as protection for the cells, provide the
exchange of metabolites, and work as a buffer against
environmental factors, such as sudden changes in salinity,
mechanical stresses, radiation and many others (Decho, 1999).
By the trapping and binding of sedimentary particles and in situ
mineral precipitation, the bioﬁlms may construct
organosedimentary structures called stromatolites (Hofmann,
1969; Walter, 1976; Burne and Moore, 1987; Riding, 2011;
Noffke and Awramik, 2013). These are the result of
biologically induced precipitation of minerals, especially
carbonate, in a laminated form, whose process of mineral
precipitation and bacterial growth is repeated until the
structure grows vertically (Burne and Moore, 1987; Riding,
2011; Noffke and Awramik, 2013). These structures can follow
different morphologies such as domical, stratiform, ﬂat layered,
columnar, branched, conical, among others, generally reﬂecting
the environmental parameters in which the structure grew up
(Hoffman, 1976; Walter, 1976; Grotzinger, 1989; Awramik, 1992;
Hofmann, 2000; Zhang et al., 2021). However, conical
stromatolites, such as those of the Conophyton and
Jacutophyton genus, are known to reﬂect biological control in
their morphology (Schopf, 1975; Bertrand-Sarfati and MoussinePouchkine, 1985; Kah et al., 2009). This means that its
morphology results from the predominance of intrinsic factors
(how the biota behaves and induces mineral precipitation) over
extrinsic factors (how external parameters inﬂuence the shape of
the structures, such as physical depositional factors as water
currents and energy involved).
Stromatolitic structures of the Conophyton genus were
generated in several locations around the world during the
interval between the Meso and Neoproterozoic (approximately
from 1.2 Ga to 900 Ma).Generally, they develop in speciﬁc
conditions such as a marine subtidal environment, high water
depth (up to tens of meters, but still within the photic zone) and
low energy (without wave action, for example) (Moeri, 1972;
Dardenne, 2000; Dardenne, 2005; Sallun Filho and Fairchild,
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FIGURE 1
Geological map of Meso/Neoproterozoic Vazante Group, highlighting the Paleontological site of Cabeludo, in Vazante city (red star in the map),
in Northwestern Minas Gerais State, Brazil (coordinates 17°43’ 33’’ S; 46°45’ 32’’W). The insert on the right indicates the location of the Paleontological
site of Cabeludo in southeastern Brazil.

TABLE 1 Studied samples and applied techniques.

Sample

Macroscopic
analysis

Petrology

EPMA
imaging

Raman
spectroscopy

XANES

XEOL

XRF

XRD

CP6/194

x

x

CP6/195

x

x

CP6/196

x

x

CP6/197

x

x

x

x

x

x

x

x

CP6/198

x

x

CP6/199

x

x

CP6/200

x

x

CP6/201

x

x

CP6/202

x

x

CP6/
203a

x

x

x

x

x

x

CP6/
203b

x

x

x

x

x

x

Petrographic thin-sections of the Conophytons from the
Paleontological Site of Cabeludo revealed an alternation
between dark-light laminated build-up composed mostly of
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amorphous silica (chert), quartz grains and dolomite, and
dark-gray lamine composed of preserved organic matter
(kerogen). These darker regions have been interpreted as
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Craton, and extended along approximately 250 km. It consists of
low-grade metamorphic sequences of carbonates (dolomite) and
pelites, whose deposition is attributed to a shallow marine
platform setting (Falci et al., 2018). Late Mesoproterozoic age is
indicated by the occurrence of conical stromatolites of the genus
Conophyton in some stratigraphic units (Dardenne, 2000; Dardenne,
2005; Vasconcelos et al., 2020), and Re-Os dating that yielded 1,304 ±
210 Ma (Bertoni et al., 2014). Chronological constraints are
established by U-Pb dating of detrital zircon grains from the
Upper Vazante Group (Rocinha Formation), which provided
935 ± 14 Ma (Rodrigues et al., 2012). According to Dardenne
(2000), the Vazante Group is stratigraphically divided into seven
formations (from the bottom to the top): Retiro, Rocinha, Lagamar,
Serra do Garrote, Serra do Poço Verde, Morro do Calcário and Serra
da Lapa. The study site is located in the east portion of Lagamar
Formation, which is subdivided in quartzite-dominated deposits
(Arrependido Member) and carbonate-dominated deposits
(Sumidouro Member). The Sumidouro Member consists of
stromatolitic bioherm dolomites, breccias and dark gray
limestones (Dardenne, 2000). Geographically, the fossil site is
close to the city of Vazante, Minas Gerais State, in the southeast
region of Brazil. The area was called “Paleontological Site of
Cabeludo” in the description by Dardenne et al. (1972). The
geographic coordinates are 17° 43′ 33″S and 46 °45′32 "W (Figure 1).

preserved bioﬁlms (Dardenne, 2005). However, we observed a
stratiﬁcation within these preserved bioﬁlms, which suggests a
more complex construction of these stromatolites during the
Meso-Neoproterozoic.
Here we propose the existence of more than one type of
preserved bioﬁlm in these Conophytons, besides an
organization trend according to their metabolic needs
responsive to environmental factors, similar to modern
microbial mats. For that, we investigated the internal buildup of the ancient preserved bioﬁlms in order to assess the
development of the bioﬁlm from its initial to mature stage.
Our approach consisted of combining different methods at
microscopic scales for understanding the microscopic textures
and resolving the inorganic and organic phases. Petrographic
analysis was used for preliminary inspection of the
microscopic textures. Electron probe microanalysis (EPMA)
provided us higher resolution information of the superﬁcial
textures, including the low Z elements present (e.g., C, O). For
deeper investigation of the elements present at microns of
depths and down to trace concentrations, we did synchrotron
X-ray ﬂuorescence (XRF) maps. Raman spectroscopy was
used for mapping the presence of kerogen and some
mineral phases, the last further corroborated by
synchrotron-based X-ray diffraction (XRD). X-ray
absorption (XANES) allowed us to deepen the chemical
investigation by revealing the chemical species of Fe and
Mn present in the samples, and X-ray excited optical
luminescence (XEOL) added to this comprehension by
providing maps of luminescent areas, signal of speciﬁc
element valences. Together, these methods provided us
with ways of deeper understanding of the geochemistry of
the different Conophyton textures, and ﬁnding patterns that
pointed to the presence of different metabolisms. These are
represented by a differentiated geochemistry along the distinct
preserved bioﬁlms, which could mean biosignatures indicative
of non-photosynthetic activities, and also biominerals
resulting
from
the
alternative
metabolisms
to
photosynthesis, such as cryptocrystalline apatite (suggesting
the past sulﬁde-oxidizing bacteria metabolic activity). The
ﬁndings may indicate a greater complexity of microbial
interactions between co-habitant microorganisms which
formed
the
Conophytons,
showing
that
these
microorganisms developed other strategies of survival
instead of competition by space and sunlight.

3 Material and methods
3.1 Field work
We collected eleven sets of samples of stromatolites from
different points inside the paleontological site. Each one was
taken from basal, middle, and top portions of the stromatolites,
totalizing 33 samples. The samples are deposited in the
paleontological collection of the Geosciences Institute,
University of Campinas (IG - UNICAMP), receiving the
denomination “CP” (paleontological collection) following the
number of registry in the collection. Table 1 shows the samples
and the method of investigation applied to each one. Those
samples which presented better preservation of bioﬁlms in thin
section analysis were chosen to be explored with the techniques
described subsequently.

3.2 Petrographic thin sections analysis

2 Geological setting

We prepared eleven thin sections of 30 µm thickness (without
glass coverslip to allow compositional analysis). They were analyzed at
the Paleohydrogeology Laboratory of the University of Campinas
(UNICAMP), with a Carl Zeiss petrographic microscope Scope
A1 ZEISS. The images were recorded with a ZEISS AxioCam
camera and processed with ZEISS AxioVision 4.8.2.0. (2006)
software.

The orogenic belt of the Tocantins Province was formed by
fusion of the Amazon Craton, the São Francisco Craton and the
Paranapanema Craton (Dardenne, 2000), composing theGondwana
supercontinent (Almeida, 1977). The Vazante Group is part of the
Brasília Fold Belt, located in the west portion of the São Francisco
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to excite the elements of interest. The step size was 30 μm for the
overview area, and 3 μm for selected areas in the preserved
bioﬁlms, in order to acquire more details. All elemental maps
were analysed using the PyMCA 4.6.0 software (developed by
European Synchrotron Radiation Facility—ESRF, Solé et al.,
2007).
The mineralogical composition was explored with X-ray
diffraction in co-located measurements with X-ray
ﬂuorescence at the microXAS beamline. The measurements
were made in three speciﬁc areas containing each type of
bioﬁlm separately. The angle between the X-ray beam and the
sample was kept at ϴ = 20o meanwhile the diffraction patterns
were acquired using an area detector (Eiger 4 M) covering
roughly 2ϴ = 35o. The output data is composed of several 2D
diffraction patterns where the presence of rings indicates a
polycrystalline sample (Supplementary Figures S1A–C—top).
To obtain the conventional Intensity vs. 2ϴ diffractogram, an
azimuthal integration was required and shown in Supplementary
Figures S1A–C bottom. The main phases were identiﬁed using
the software XRDUA (De Nolf et al., 2014).

3.3 Electron probe microanalysis and
energy dispersive spectroscopy
We obtained compositional analyses and secondary electron
images using the JEOL 8530F electron probe at the Carnegie
Institution for Science (Washington, DC). The images and maps
were recorded in nine areas of interest within the CP6/196 thin
section, sampling each putative kind of bioﬁlm, besides areas of
hydrothermal incursion, cracks and recrystallization areas. The
probe was operated at 15 kV and 20 nA. We also performed
quantitative analyses in each chosen point using the Thermo
Scientiﬁc Energy Dispersive System (EDS), utilizing the
Pathﬁnder software. Samples were coated with iridium to
mitigate charging and to facilitate the analysis of carbon.

3.4 Raman spectroscopy
The Raman Spectroscopy analyses were performed at
Carnegie Institution of Science (Washington, DC). The
Raman images were acquired with the WITec Scanning NearField Optical Microscope, with a camera system coupled to the
microscope. The excitation source was a frequency-doubled
solid-state YAG laser (532 nm) operating between 0.01 and
5 mW output power. Spectra were collected on a Peltiercooled Marconi 40-11 CCD chip, after passing through a f/
4,300 mm focal length imaging spectrometer using a 600 lines/
mm grating. We used the WITec Project Plus software to map
peaks of interest across the sample and compute peak
intensity maps.

3.6 X-ray absorption near edge structure
The micro XANES measurements were ﬁrstly performed
using the XRF beamline (LNLS—UVX) around Fe K edge,
and posteriorly using the Carnaúba beamline (LNLS - Sirius)
around the Mn K edge. The XRF beamline was used in
monochromatic beam mode, provided by the Si (111) crystal
and a microbeam provided by the KB system (12 µm × 25 µm).
Samples were measured in air and at room temperature, without
sample-environment controls. The XANES spectra were
collected in ﬂuorescence mode, using the SDD detector
available at the beamline (Ketek, GmbH). The higher spectral
resolution was 0.3 eV. The Fe K-edge data from the sample was
compared with synthetic standards (measured at the XAFS1 and
XAFS2 beamlines of LNLS) and natural standards (measured
with micro-beam in the XRF beamline). These mentioned studies
were performed at LNLS UVX storage ring that is now
decommissioned.
The Mn-K edges were also measured in the Carnaúba
beamline (LNLS—Sirius), in order to have more accuracy in
the obtained results, due to its resolution (beam size down to
150 nm × 400 nm, obtained with KB mirrors) and higher ﬂux,
once the new accelerator (Sirius) is a 4th generation machine and
the beamline uses a 4-channel monochromator developed inhouse (Tolentino et al., 2021). The measurements were acquired
in ﬂuorescence mode using VortexⓇME4 SSD detectors
(Hitachi) on the energy range of 6,500–6,600 eV, with a step
energy of 0.3 eV, accumulation time 0.5 s, in air and room
temperature. The data was compared with that of synthetic
standards of MnO (Mn2+) and Mn2O3 (Mn3+) measured in
transmission mode with an Alibava (AS04-105A) photodiode.

3.5 Synchrotron-based µ-X-ray
ﬂuorescence and X-ray diffraction
Petrographic thin sections (30 µm thickness) mounted on
glass slides were evaluated for their chemical and mineralogical
composition using X-ray Fluorescence and X-ray diffraction.
µ-XRF elemental maps were ﬁrst acquired using the XRF
beamline at the Brazilian Synchrotron Light Laboratory
(LNLS), Brazil. The beamline was used in micro-beam mode
with the KB focusing system in order to reach a beam size of
12 µm × 25 µm diameter. 2D measurements were performed at
room temperature in continuous scan mode (ﬂy scan), with step
sizes of 30 μm and integrations of 300 ms per pixel. The
excitation was made in white-beam mode. Further higher
spatial resolution elemental maps were obtained at the
microXAS beamline at the Swiss Light Source (SLS), Paul
Scherrer Institut (PSI), Switzerland. The silicon drift detector
(SDD) was placed at 70° with the incident beam in order to
acquire the data, and the X-ray beam was focused down to
1 μm2 × 1 μm2 using KB mirrors. The measurements were carried
out using a monochromatic beam at energy of 17.2 keV in order
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FIGURE 2
Morphology and internal build-up of Conophyton in outcrop; Paleontological Site of Cabeludo. (A) regularly-spaced concentric laminae in plan
view (Scale: geological hammer—35 cm); (B) sketch of the concentric laminae, preservation degree increases toward the center of the structure; (C)
conical laminae in proﬁle view of the outcrop. Note closed angulation of the laminae and vertical alignment of the apex (Scale: 10 cm); (D) close-up
view highlighting the planar contact between conical-shaped laminae and the host lithology (Scale: 10 cm).

3.7 X-ray excited optical luminescence

4 Results

X-ray excited optical luminescence (XEOL) experiments
were performed at the XRF beamline from the Brazilian
Synchrotron Light Laboratory (LNLS), using the setup for
microXEOL. This setup is composed of an Al-coated 15X
objective reﬂexive lens (ThorLabs), with a working distance of
23 mm that is used to collect the light emitted by the sample after
the interaction with X-rays. This light was collimated in a
parabolic collimator (ThorLabs) also Al coated, and focalized
in an optical ﬁber (UV-Vis, Ocean Optics) that was coupled to a
spectrometer (QEPro, Ocean Optics). For exciting the samples,
the white beam mode was used, with spot size of 12 µm × 25 µm.
The optical signal was acquired in emission mode, with
integration of 1s in each point, monitoring the range from
200–950 nm. The hyperspectral image was analyzed using the
PyMCA software in 2D mapping.

4.1 Morphology and internal build-up of
the stromatolites

Frontiers in Earth Science

The stromatolites of the genus Conophyton at the
Paleontological Site of Cabeludo occur as solitary units and
arranged in clusters. The stromatolites range from 0.5 to 4 m
high and are columnar in external morphology. As also observed
by Sallun Filho and Fairchild (2005), the horizontal section
through a stromatolite reveals its elliptical contour around the
central axis, with diameters ranging from approximately
15–70 cm (Figures 2A,B). The conical laminae show high
inheritance with each laminae presenting the same size,
curvature and morphology of the previous laminae, as well
apical areas of each lamination being well aligned to each
other. As also pointed out by Moeri (1972), there is an
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FIGURE 3
(A) Thin section overview showing alternating dark grey laminae and light grey to white laminae (scale bar: 500 µm); (B) sketch of the
distribution pattern of the bioﬁlms along four stages of development, forming the Conophyton’s organization; (C) Petrographic images of
Conophyton showing three different organic-rich laminae. Cut in vertical section in the apical zone of organic-rich laminae of the Conophyton
(scale bar: 500 μm), intermediate part of Conophyton; DL- dolomite; (D) cut in vertical section, top part of the Conophyton, lateral zone of
organic-rich laminae (scale bar: 500 μm); DL—dolomite; mc - micrite. All images are from sample CP6/196.

ductile deformation (e.g., folding) and fractures ﬁlled with
silica. However, these post depositional changes were not
harmful to the evaluation of the original microscopic texture
of the stromatolites.
The light grey to white laminae consist of rhombohedral
coarse dolomite crystals with secondary recrystallization and
scattered quartz grains, while the dark grey laminae consist of
ﬁne-grained dolomite crystals. In these laminae, organic matter
was identiﬁed and preserved as brown-colored, opaque spots
with no pleochroism. Rarely, dispersed ﬁne-grained quartz grains
occur. In close-up view, it is possible to observe that the dark grey
laminae show three different organic-rich laminae, which were
deﬁned here as bioﬁlm I, bioﬁlm II and bioﬁlm III (In Figure 3,
shown as I, II and III, distributed in 4 stages of development of
the Conophyton). The meaning of this division is explained in
Section 5.2 of the discussions, as well as the division into the four
stages of development of dark-grey laminae. The laminae differ
in coloration from each other and they have a distinct mottled
appearance related to varying carbon content. Notably, the
vertical organization of the three different bioﬁlms in each
dark grey laminae is repetitive in all analyzed samples. The
main visual aspect that differentiates the three bioﬁlms is the

elongation of the plan outlined in the stromatolites. In the
vertical section from the base to the top, a vertical axis serves
as support structure, and also present macroscopic layers,
ranging from 0.5 to 1 cm. These stromatolites are conicalshaped with closed angulation in the bottom opening towards
the top (Figures 2C,D). Whereas the apex of the young
stromatolite was initially more conical (as recorded by the
laminae close to the base), the apex increasingly became more
pointed towards the top (Figures 2C,D). The angle of the laminae
at the apex is 50° on average, but it can reach 30° in the basal
laminae.

4.2 Microscopic texture in the
stromatolites
We observed distinguishable alternations of dark grey
laminae (400–600 µm thickness) and light grey to white
laminae (700 μm–1 mm thickness) in petrographic analysis
(Figure 3). Despite the overall good preservation of these
Conophyton from the Vazante Group, post depositional
modiﬁcations also occur, including mechanical compaction,
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TABLE 2 Comparison of the main observed characteristics of the three bioﬁlms comprising each dark grey laminae.

Bioﬁlm Color

Mineralogy

Crystal Size

Organic matter

Main
elemental
composition

Fe and Mn
speciation

I

Darker grey

Dolomite, scattered quartz grains,
apatite crystals

Fine-grained
crystals

Diffusely distributed, high content,
kerogen (D and G bands)

Ca, Fe, Mn, P

Fe2+ and Fe3+
Mn2+

II

Intermediate
grey

Dolomite, dispersed quartz grains

Fine-grained
crystals

Diffusely distributed, high content,
kerogen (D and G bands)

Ca, Fe, Mn, Sr, S

Fe2+ and Fe3+
Mn2+

III

Lighter grey

Dolomite

Fine-grained
crystals

Diffusely distributed, high content,
kerogen (D and G bands)

Ca, Fe, Mn, Sr, S

Fe2+ and Fe3+
Mn2+

C

172.5 CCDcts

102.4 CCOcts

4.25CCOcts

•2.277CCDcts
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40 µm
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FIGURE 4
Raman spectroscopy analysis of the CP6/196 sample. (A) thin section with mapped area (0.2 mm × 0.6 mm), covering both dark grey laminae
(bioﬁlms) and light grey laminae (dolomite and quartz crystals); (B) map of quantitative distribution of kerogen showing higher counts for kerogen in
the bioﬁlm area; (C) map of quantitative distribution of dolomite showing homogeneous distribution in the two laminae; (D) sparse quartz grains
distributed in both laminae; (E) Raman spectra of dolomite at 1,098 cm−1 (red and blue), carbon (kerogen) with D band at 1,366 cm−1 and G band
at 1,583 cm−1 (blue) and quartz at 464 cm−1 and 203 cm−1(green).

the bioﬁlm II and III showed highest intensity in ﬂuorescence
signal of Sr in comparison with bioﬁlm I (Supplementary Figure
S2). The Table 2 summarizes some main textural and

color, while the grain size and texture appear to be the same when
looking at petrographic thin sections. However, the bioﬁlm I
showed exclusively microcrystalline apatite (Section 4.4), while
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4.5 Elemental composition of the textures
in µ-XRF

geochemical aspects which may be used to differentiate the three
bioﬁlms which comprises the dark grey laminae.

Semi quantitative elemental maps with the spatial resolution
of 30 μm were acquired in the surface area of 7 cm × 8 cm of the
samples CP6/203a and CP6/203b (yellow square in Figures
6A,B). The maps were made covering all areas of interest
(light and dark grey laminae, and region of hydrothermal
vein) in order to compare the compositions. Ca is distributed
all over the mapped area, related to dolomite crystals (Figures
6D,E). Si and K are present in some spots, the ﬁrst one in spots
containing authigenic quartz areas in light grey laminae. In the
bioﬁlm areas, the analyses showed the predominance of Ca and
Fe (Figures 6D,E). The Mn is widespread all over the mapped
area, but is present at higher concentration (intensity) in the
region with hydrothermal veins, co-occurring with Fe
(Figure 6D). Especially in the bioﬁlm III area, Mn, Fe, S and
Sr present in higher intensity than in the regions containing other
bioﬁlms (Figures 1, 6E, Supplementary Material). Signals from
low Z elements such as Si, K and Al are more absorbed within the
rock or by the air, making their detection harder than heavier
elements. The lack of detection, therefore, does not imply the
absence of these elements in our samples.

4.3 Petrological composition in Raman
spectroscopy and X-ray diffraction
The Raman semi-quantitative peak intensity maps were
acquired in an area covering both dark and light grey laminae
(Figure 4A). The maps showed that in the bioﬁlm area (dark grey
laminae) had the highest counts of carbon (kerogen, D band—ca.
1,366 cm−1 and G band—ca. 1,583 cm−1) in comparison with the
light grey laminae (Figure 4B). Dolomite is the main component
in light-grey lamine, except in areas with high counts of quartz
(Figure 4C). The quartz is sparsely dispersed in the dark grey
laminae and between the dolomite crystals in the light grey
laminae (Figure 4D). Comparing the maps of quantitative
distribution of kerogen (Figure 4B) and dolomite (Figure 4C),
it is possible to observe that the kerogen is diffusely distributed
between the microcrystalline dolomite in the dark-grey laminae,
while in light-grey laminae, the kerogen is distributed near to the
grain boundaries. The Raman spectra for each component are in
Figure 4E: dolomite (1,098 cm−1), kerogen (D band at 1,366 cm−1
and G band at 1,583 cm−1) and quartz (464 cm−1 and 203 cm−1).
The XRD data showed that the main mineral phase present in
the Conophytons is dolomite. All Bragg reﬂexions (indexed
according to the AMCSD 0000108, Graf 1961), correspond to
dolomite (Supplementary Figure S1). However, the presence of
discontinuous rings and isolated spots on the 2D diffraction
patterns indicates that the beam is illuminating a small amount of
crystallites. As a consequence, phases in a small fraction remain
undetermined.

4.6 Chemical speciation of Fe and Mn
contained in Conophyton
μ-XANES was applied to evaluate the Fe and Mn chemical
speciation (Figure 7). Mn was also investigated with nanoXANES. Fe synthetic references based on iron oxides (Fe3O4,
Fe2O3 and FeO), and Fe metallic (Fe0) are compared to the
Conophyton X-ray absorption spectrum, measured around the Fe
K-edge. By qualitative analyses of the absorption spectra
(Figure 7A) and the ﬁrst derivative curves (Supplementary
Figure S3), the results suggest Fe is present in a mix of 2+
and 3 + valences. Similar analysis was made to evaluate the Mn
oxidizing state (Figure 7B). Even though the signal-to-noise is
high due to the low concentration of Mn, it is clear, by qualitative
analysis, the predominance of Mn2+. It is noticeable that both
measurements (bioﬁlm I and II, and bioﬁlm III) present edges
position compatible with the one observed in MnO, which is a
reference for Mn2+ indicating the predominance of Mn in 2 +
form in both bioﬁlms.

4.4 Petrology and composition using
EPMA and EDS
In higher resolution analyses, the light grey/white laminae are
composed
of
coarse
components
(approximately
100 µm–500 µm) including dolomite and scattered quartz
grains. Dolomite commonly forms mosaics of euhedral to
anhedral crystals, composing an idiotopic texture. The darker
laminae are composed of microcrystalline dolomite with
dissipated carbonaceous matter (ancient EPS and cell
materials of the stromatolite). The apatite crystals measure
from less than 1–10 µm (maximum). EDS and EPMA analysis
show that the small crystals in the ancient bioﬁlms (dark grey
laminae; Figures 5A,B) are composed of Ca, Mg, C and O
(Figure 5D), corroborating with the dolomite detected by
Raman spectroscopy and XRD. Exclusively within the bioﬁlms
of the dark grey laminae (bioﬁlm I) very small crystals composed
of P, Ca, O and F (compatible with apatite (Ca₅(PO₄)₃—general
formula) are distributed, Figure 5C.
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4.7 X-ray excited optical luminescence
The 2D map was made in an area of the Conophyton (sample
CP6/196) covering the dark grey and light grey laminae and also
the region containing a hydrothermal vein, in order to evaluate
the difference in composition of original laminae and thermally
modiﬁed areas (Figure 8A) through optical emission. The X-ray
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FIGURE 5
EDS spectra (sample CP6/196). (A) thin section showing the analyzed area (dark grey laminae, bioﬁlm; indicated by square); (B) point 1 EDS
spectra, compatible with apatite; (C) analyzed area with square 1 (mineral in bioﬁlm II) and square 2 (matrix); (D) point 2 EDS spectra, indicating
dolomite composition.

excited optical luminescence image (Figure 8B) shows the regions
of more intense luminescence in the sample (yellow to red region,
with corresponding general emission spectra with a broadband at
the orange-red wavelength range at 650 nm). This area coincides
with the diagenetic hydrothermal vein in Conophyton.
Considering the co-location of Ca, Fe and Mn (XRF maps,
Figure 6), the presence of dolomite (Raman—Figure 4; and
XRD analysis—Supplementary Figure S1) and the presence of
the chemical species showed in XANES analysis (Figure 7), the
interpretation of the broadband in the general emission
spectra (Figure 8C) leads to the conclusion that the Mn2+
within the dolomite lattice as the responsible for the
luminescence emission.

organic matter (OM) diffused in a dolomitic matrix in regions
considered to be authigenic (observed in petrographic thin
sections as dark gray laminae) (Figure 3).
Contrary to what is assumed for the paleoenvironment of the
stromatolites of the Conophyton genus, Moeri (1972) suggested a
highly energetic subtidal basin as the most probable environment
during the development of the Conophyton of the Cabeludo site.
The main lines of evidences for the author’s interpretation are 1)
the great rate of carbonate supply and the early and rapid
lithiﬁcation required for the considerable height of the
stromatolites; 2) the absence of subaerial exposure features
(that explains the lack of signals of desiccation in the outcrop)
which may exclude the possibility of supratidal or intertidal
conditions; 3) the absence of micritic matrix; 4) the
elongation of the plan outlines in most columns of the
stromatolites, which may point to an inﬂuence of strong
permanent water currents. According to Dardenne (2005), the
early
lithiﬁcation
was
penecontemporaneous
with
dolomitization. Additionally, the sedimentary environment
was described as a subtidal and deep marine setting, with the
inﬂuence of sporadic tidal currents (that explains the existence of
extremely dense bioherms isolated from each other, in addition
to the deposition of micritic mud in the intercolumnar space,
according Dardenne (2005).

5 Discussion
5.1 Preservation of bioﬁlms
There is no evidence for bacterial cells and ﬁlaments
preserved in the fossilized bioﬁlms from the Conophytons of
the Paleontological Site of Cabeludo. However, the bioﬁlms are
well preserved in both macro and microstructure. Here, we
support that these bioﬁlms have been partially preserved as
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scale bar= 0.05 mm

FIGURE 6
µ-X-Ray ﬂuorescence elemental maps from the sample CP6/203b. (A) Petrographic image (scale bar = 500 μm) showing the area analyzed,
containing the three types of bioﬁlms (dark grey laminae) and light grey laminae. The yellow square represents the mapped area mapped with 30 μm
step size; (B) Analyzed area (yellow square) with bioﬁlm I, II and III and hydrothermal vein (hv) mapped in 30 μm stepsize (LNLS) and area of bioﬁlm III
selected to be mapped with higher resolution at microXAS beamline, SLS (red square); (C) X-ray ﬂuorescence spectra of Fe, Mn and Sr, obtained
in the mapped areas from bioﬁlm I, II and III; (D) elemental maps with 30 µm of step size (XRF beamline, LNLS) in area covering the three types of
bioﬁlms, plus an area with hydrothermal vein (with highest intensity of Mn), scale bar = 1 mm; (E) elemental maps with 3 µm of step size (microXAS
beamline, SLS) of area covering the bioﬁlm III. All maps of the ﬁgure show the composition of Ca (blue), Mn (green) and Fe (red).
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XANES absorption spectra of the sample CP6/196. (A) Normalized absorption curves and comparison between the synthetic Fe standards and
the Conophyton sample; (B) Normalized absorption curves of synthetic Mn standards and Conophyton sample.

way in the dark-gray lamine, while in the light-grey laminae it
is limited to the grain boundaries. This can means that in the
dark-grey laminae the OM could be preserved in situ, even with
the post-diagenetic events. In contrast, in the light-grey laminae,
the kerogen was moved to the grain boundaries or in between
regions of overgrowth of grains (Figure 4B) due to the secondary
dolomitization. The dolomitization can make the preservation of

The early and rapid lithiﬁcation plus the high rate of
sedimentation may have prevented and/or delayed the
degradation of the bioﬁlms by aerobic microorganisms. In
fact, Raman data acquired in this study shows the
preservation of OM, as evidenced by the D and G bands
(1,366 and 1,583 cm−1) of kerogen. The quantitative maps
(Figures 4B,C) show that kerogen is distributed in a diffuse
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FIGURE 8
X-ray excited optical luminescence (XEOL) image with respective emission spectra under X-ray irradiation. (A) Selected area to be mapped
(scale bar: 2 mm), covering areas with dark (bioﬁlms, dg) and light grey laminae (lg), and region with hydrothermal vein (hv); (B) X-ray excited optical
luminescence (XEOL) temperature scale image (2 mm × 4 mm), acquired at the X-ray Fluorescence (XRF) beamline at the LNLS with step size of
30 μm; (C) general emission spectra showing a broadband at the orange-red wavelength range at 650 nm.

cement allowing the formation of aggregates of OM and
minerals. Also, the Fe3+ may serve as a sorbent in which the
OM adsorb or co-precipitate with the Fe3+ minerals (Chen et al.,
2020). In this sense, the Fe3+ detected in the region of preserved
bioﬁlms may also have been another factor that helped the
preservation of OM in Conophytons.

the microbial morphology difﬁcult (Bartley et al., 2000), but OM
can be preserved even after secondary dolomitization, mainly as
organic matter particles trapped within dolomite crystals
(Murphy et al., 2020).
This sedimentological context also supports a mineralassociated organic matter (MAOM) hypothesis. By studying
different types of carbonates of microbial origin in different
environmental contexts, Melim et al. (2016) indicated that the
entombment of microbes and EPS in carbonates is more
widespread than previously thought: it does not occur in
travertines, for example, because of the photolytic degradation
by sunlight, elevated temperatures, and aerobic microbial
degradation. Hence, considering the environmental and
physical conditions mentioned for the good preservation of
the
microbial
signatures
mentioned
above,
the
paleoenvironmental context of Conophytons from the
Cabeludo could have favored bioﬁlm preservation due to the
fast mineralization.
As observed in XRF elemental maps (Figure 6), it is
remarkable that iron is co-located exclusively with the bioﬁlm
preserved laminae and in some post-diagenetic features, such as
fractures with incursion of hydrothermal ﬂuids. Mineralassociated organic matter (MAOM) in sediments is commonly
adsorbed or co-precipitated with the iron minerals (Lalonde
et al., 2012). MAOM is thought to persist because OM can
form strong chemical bonds to minerals and can be physically
protected in microaggregates or co-precipitates (Kögel-Knabner
et al., 2008). The association of OM with minerals can restrict the
diffusion of oxygen, slowing down natural degradation and
protecting it from decomposers. According to our XANES
data there is a mix of valencies of iron in the bioﬁlm
preserved laminae of Conophyton, consisting of Fe2+ and Fe3+.
The Fe3+, exerting a structural role, may serve as a connective
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5.2 Distribution of different bioﬁlms inside
the Conophyton
Modern microbial mats can be considered relevant analogues
to understand the ecology and the formation of stromatolites,
(Dupraz et al., 2009; Foster and Mobberley, 2010; Saghai et al.,
2017). The microbiota of a well-developed and stratiﬁed
microbial mat is very diverse (Des Marais, 1990), composed
of microorganisms that form a biogeochemical gradient
according to the metabolic needs of their functional groups
(Dupraz and Visscher, 2005; Dupraz et al., 2009).
In fact, even in Archean time, microbial mats could already
exhibit structural and biological complexity in their ecosystems
(Nisbet and Fowler, 1999). Hickman-Lewis et al. (2020) showed
evidence of coexistence between Bacteria and Archaea on
microbial mats dated 3.5–3.3 Ga based on fossilized
biopolymers detected by Fourier transform infrared
spectroscopy (FTIR). The microbially induced sedimentary
structures (MISS) in the 3.48 Ga Dresser Formation record
that benthic microorganisms could already assemble bioﬁlm
communities to bioﬁlm forming geomorphologically
controlled catenae in response to environmental conditions
(Noffke et al., 2013). The more different kinds of
microorganisms compose a bioﬁlm, the more complex its
internal build-up becomes. Bioﬁlm development integrates
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growth conditions and the microbial composition in such a way
that the available resources have an optimal exploitation (TolkerNielsen and Molin, 2000). An early stage of bioﬁlm includes few
microbial groups and a simple internal build-up (often just a few
layers); a more mature bioﬁlm, however, has a higher degree of
organization and may show a mottled structure (Stoodley et al.,
2002; Stolyar et al., 2007; Pernthaler et al., 2008).
Stromatolites are formed initially by microorganisms in a
microbial mat and their metabolic activity and geochemistry
leads to induction of calcium carbonate precipitation (Reid
and MacIntyre, 2000; Dupraz et al., 2009). But not all
microbial mats develop a stromatolite; it depends on the
microbiota composition, the dominant metabolisms and
the surrounding geochemical environment (Havemann and
Foster, 2008; Foster and Green, 2011). Stromatolites, in
general, are formed mainly by photosynthesizing
microorganisms, especially ﬁlamentous cyanobacteria
(Awramik and Margulis, 1974; Burne and Moore, 1987;
Riding, 2011; Noffke and Awramik, 2013), but its
microbial diversity may be greater, depending on the
environmental parameters. Foster and Green (2011), in an
experiment
with
cultivation-independent
molecular
techniques in several modern stromatolites, attested to a
greater microbial diversity in marine and hypersaline
stromatolites. Based on the complexity of the ecosystems
that gave rise to some of the stromatolites and microbial
mats in the Precambrian, comparing them with their modern
representatives, and based on the evidence showed here, we
suggest the possibility of greater complexity in the formation
of Conophytons from the Paleontological Site of Cabeludo.
According to Walter (1977) and also Sallun Filho and
Fairchild (2005), the conical shape typical of Conophyton
denotes the competition for space, nutrients, and light
between microorganisms. This would cause an
accumulation of biomass at the apex of the forming
stromatolitic structure, resulting in the conical shape
observed in the microbialites of the genus. However, in
this study, the textures on the analysed thin sections point
to the existence of different types of bioﬁlms preserved in
each dark grey laminae of the stromatolites at the Cabeludo
Paleontological Site, revealing at least three communities or
populations of microorganisms (distinct or not) growing at
the same time. It may imply more than one metabolic group
forming the structures, rather than only photosynthesizers
competing for sunlight. These three different types of bioﬁlm
show a clear tendency to organize into a speciﬁc repetitive
laminae pattern revealing sequence and cyclicity observed in
thin sections across the longitudinal axis of several samples of
Conophyton. Figure 9 schematizes the evolution of spatial
distribution and organization of the three types of bioﬁlms
(here called bioﬁlm I, II and III) over the time; the evolution
takes place in four stages (denoted in the yellow squares in
Figure 9):
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Stage 1: in the initial phase of the stromatolite formation, the
bioﬁlm I and II were formed. The bioﬁlm I is located in the
deeper zone of the mat, while the bioﬁlm II is located in the
surface; this arrangement may be due to afﬁnity (synergy) and
similar needs of the two constituents for resources such as
nutrients and light.
Stage 2: a new type of bioﬁlm (bioﬁlm III) colonizes the
preceding two bioﬁlms. It is positioned above the bioﬁlm II,
demonstrating a certain competition among the different
species for light. This can be observed by the higher
concentration of biomass (II and III) starting to
accumulate at the apex of the laminae. At this stage,
bioﬁlms I and II appear to be distributed in the same
pattern observed in stage I, while the bioﬁlm III occupies
the upper zone near the apex of the laminations.
Stage 3: the three bioﬁlms appear to have reached a certain
equilibrium regarding their spatial distribution and
organization according to each metabolic needs: an even
pattern of distribution of the bioﬁlms is established,
following the sequence of development (from the bottom to
the top of the community): bioﬁlm I → bioﬁlm II → bioﬁlm III.
Stage 4: the pattern of spatial distribution and organization of
the bioﬁlms reached in the stage 3 starts to repeat until the top
of the stromatolites, as observed in thin sections of the top part
of the structures.

5.3 Depositional versus post-depositional
processes: Origin of internal organization
of Conophyton
Along the Conophyton, laminae with a pointed apex
(especially those formed by greater mass of bioﬁlms) may show
high competition between constituents. Where the stromatolite
apex is more rounded, the bioﬁlms have been assembled and
reached an equilibrium stage, which is stage 4. A possible
interpretation for the difference in bioﬁlms distribution is that,
at certain times of high environmental stress (such as decrease of
nutrient availability), probably due to a periodic lack of
illumination, the bioﬁlms’ community disperses and moves
towards the best light and nutrient exposure regions. The
competition for the resources is documented by bioﬁlm in stage
2. The stage 1 is the original state of distribution of bioﬁlms (types I
and II) in the beginning of the microorganism proliferation; due to
a possible increase in light and nutrient provision, the bioﬁlm type
III started to associate with the original bioﬁlms I and II. Possibly
motivated by environmental stress, bioﬁlm III struggled towards
the top after spreading out, establishing an equilibrium situation,
which was maintained until the top of the structures. Our most
plausible hypothesis to explain this interaction and distribution
between bioﬁlms I, II and III is that at least the bioﬁlm II and III
were constituted by photoautotrophs. In contrast, the bioﬁlm I,
which preferentially remains at the base of the stratiﬁcation

13

frontiersin.org

Callefo et al.

10.3389/feart.2022.804194

Sequence:

I-

11-111

I + 11-11 + Ill

1-11

LEGEND

1-Biofilm I
11 - Biofilmll
111-Biofilm Ill

[YI Dolomite

ia:::::I

crystals

FIGURE 9
Distribution of the three different bioﬁlms in Conophyton from the bottom to the top of a thin section (CP6/203b). Sequence of distribution of
the different bioﬁlms from the bottom of the structure (stage 1; 1 in yellow square) to the upper laminations towards the top (stage 4; 4 in yellow
square) and organization of the bioﬁlms according to resources. In stage 1, the bioﬁlm II is organized above the bioﬁlm I. In stage 2 (2 in yellow
square), a new type of bioﬁlm (bioﬁlm III) develops above the bioﬁlm I and II, in the apex of the dark grey laminae. In this stage, the bioﬁlm I and II
remain diffusely organized (represented by I + II), while the bioﬁlm III is arranged at the apex, but still seems to mix with the bioﬁlm II (represented by II
+ III). In the next stage (stage 3 and 4), the sequence of distribution follows the pattern (from the bottom to the top of the laminae: bioﬁlm I → bioﬁlm II
→ bioﬁlm III.) The pattern is repeated in the subsequent laminations to the top of the stromatolite.

formed, possibly belongs to a non-photosynthetic metabolic type.
However, in situations of environmental stress due to the lack of
nutrients and sunlight, bioﬁlm III would be more effective than
bioﬁlm II, reaching the top to ensure its survival.
Other hypotheses include the inﬂuence of textural aspects
(crystal size, porosity and permeability) that likely might have
controlled the distribution of the organic matter within the rock
framework. The repetitive organization of bioﬁlms and their
vertical distribution indicates that textural aspects did not exert
a major inﬂuence in organic matter content. If this was the case, a
random distribution of kerogen would be expected. Similarly,
heterogeneous modiﬁcations by weathering are not the case,
since oxidation and chemical reactions would cause degradation
of the organic matter from the top toward the bottom, which is not
the case in the Cabeludo site. In addition, weathering would
damage the internal organization of the Conophyton structure.
Lastly, although metamorphism and hydrothermalism occur in the
vicinity of the study area, some criteria (e.g., preservation of
original structures, lack of high temperature/high pressure
minerals) indicate that these processes did not cause signiﬁcant
modiﬁcations in the composition of the Conophyton. Geochemical
data exhibit predominance of Ca, Fe and Mn, whereas elements
commonly associated with high temperatures (Cu, Pd, Zn) were
not detected in the analyzed samples. The only signal of
hydrothermalism affecting the Cabeludo site is fracture-ﬁlling
veins, but this process likely took place after lithiﬁcation, as
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indicated by the predominantly tabular-shaped veinlets that
crosscut the Conophyton. Metamorphic evidence is not present
in the study area, since the recrystallization of dolomite is
interpreted to have occurred during diagenesis.

5.4 Geochemical evidence and possible
biosignatures for the bioﬁlm
differentiation
Exclusively in areas with bioﬁlm I (and sometimes in the bioﬁlm
II), phosphate occurs as cryptocrystalline apatite. As shown in
Figure 5D very small crystals of apatite appear in the bioﬁlm II
area (within the dark grey laminae) while in the other areas, such as
the bioﬁlm III and the light grey laminae, the phosphate mineral was
not found. As observed, the bioﬁlm I preferentially remains at the
base of the stratiﬁcation in each dark grey laminae, meaning a lower
need for sunlight than bioﬁlms II and III. Therefore, there is a
possibility that bioﬁlm I may consist of non-photosynthetic species.
Caird et al. (2017), studying Ediacaran stromatolites from
Salitre Formation, Brazil, reported the occurrence of phosphorites
(francolite) in microbial laminae, whereas strontian ﬂuorapatite
occurs between stromatolitic layers. They interpret the
accumulation of phosphorites as a consequence of the activity
of chemosynthetic bacteria, which, beneﬁting from the redox
gradient caused by the production of photosynthetic oxygen,
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A similar situation may have occurred in the bioﬁlm zones I (and
even II) of the Conophytons. The phosphate precipitation is
favored due to the acidiﬁcation of the medium when the oxygen
serves as an electron acceptor in the SOB cell walls (Crosby and
Bailey, 2012). The inorganic phosphate precipitation could be
considered in Conophytons, however, the mineral occur only in
areas of bioﬁlm I and sometimes, II, never occuring in the bioﬁlm
III laminae. Another evidence for the exclusion of this possibility
is the size of the crystals, never reaching more than 10 µm.
The XRF maps show that the region of preserved bioﬁlms in
Conophyton is rich in Ca, Fe and Mn (Figure 6). In these areas, Ca
is co-located with Fe and Mn (the latter one with low intensity),
while in the diagenetic hydrothermal vein, the Ca is co-located
with Fe and Mn (with higher intensity than in fossilized bioﬁlm
areas). The Raman spectra (Figure 4) and XRD analysis
(Supplementary Figure S1) showed the presence of dolomite
in both areas. Mn2+ is known to induce high luminescence
intensity in dolomite even in ppm concentration (i.e., as a
trace element), and its emission is represented by a broadband
at the orange-red region with maximum wavelength ca. 650 nm
(Figure 8C), while the Fe3+ works as a luminescence quencher
(Pierson, 1981; Marfunin, 1995; Habermann et al., 1998). In the
XEOL emission spectra (Figure 8C), it is observed as a broadband
that is ascribed as the 3d5 → 3d5 4T1(4G) → 6A1(6S) Mn2+
(Marfunin, 1995; Shionoya et al., 2007; MacRae and Wilson,
2008; Gaft et al., 2015). In the XEOL emission spectra (Figure 8C)
it is observed as a broadband in the orange to red region in the
electromagnetic spectrum, which is ascribed as the typical 3 d5 →
3 d5 4T1(4G) → 6A1(6S) Mn2+. This is a characteristic electronic
transition from this ion that describes the decay from an excited
energy level 4T1 (4G) to the ground level 6A1(6S) This result
indicates that the hydrothermal vein, the region of the most
intense luminescence (Figure 8B) is rich in dolomite doped with
Mn2+, diagenetically included after the lithiﬁcation of the
stromatolitic structure. Additionally, the X-ray absorption
analysis detected the presence of chemical species such as
Fe2+, Fe3+ in areas of preserved bioﬁlms. The Fe3+ are present
in hydrothermal veins and cracks, possibly the result of
diagenetic incorporation by incursion of hydrothermal ﬂuids
and/or groundwater before the stromatolite’s lithiﬁcation.
The decomposition of OM during the early diagenesis by the
action of microorganisms from the bioﬁlm itself can produce
humic substances, a complex mixture of organic components
synthesized during the decomposition of matter original OM
(Lovley et al., 1996). This can also be caused by the burial of
bioﬁlms due to the mineral precipitation process during the
growth of the stromatolitic structure. Once stable, the humic
substance can serve as electron donors for other microorganisms,
which use them in their energy generation processes (for
example, Geobacter metallireducens to reduce ferric
iron—Fe3+). The reduction of Fe3+ is then conducted
abiotically, reoxidizing the humic substances previously
produced (Lovley et al., 1996). In Conophyton, the iron is

promote the in situ precipitation of phosphorites. The XRF data in
this study showed the presence of Sr in both bioﬁlms I, II and II,
but the highest intensity was observed in the bioﬁlm III mapped
area. However, we could not identify the link between Sr with the
phosphorites in at least the bioﬁlm I and II (in which the
phosphorites were found). The Sr is co-located with Ca in
some regions in bioﬁlm II and III (Supplementary Figure S2),
but it is common the incorporation of metals, such as the
strontium (Sr2+, VI-fold coordination, Ionic radius: 1.18 A), into
the CaCO3 mineral phases, when the metals replace the calcium
(Ca2+, VI-fold coordination, Ionic radius: 1.00 A) in the crystal
lattice. As a consequence, there is a co-precipitation of the solid
formed, such as the SrCO3, or even a calcite doped with Sr2+. Ferris
et al. (1995) showed that the incorporation of Sr-rich groundwater
during the microbial calcite nucleation promoted the solid solution
of SrCO3 in calcite. In Conophyton, it is possible that Sr may have
been associated with the microbially-induced calcite nucleation
during the growth of the stromatolite, explaining the co-location of
Ca and Sr in the fossilized bioﬁlm zones. However, it is not possible
to exclude the hypothesis of substitution of Ca2+ by Sr2+ in the
crystal lattice of carbonates by abiotic way.
Although the formation of phosphatic minerals in marine
environments is still poorly understood, the involvement of
bacteria in this process is presumed. Dissolved phosphorus in
the ocean water is easily incorporated by photosynthetic organisms
(Compton et al., 2000). However, organic matter can capture the
phosphorus and remobilize it by microbiological processes. Crosby
and Bailey (2012) discussed the role of microorganisms in the
genesis of phosphatic minerals using several works to exemplify
the relationship of microorganisms with different mediation
mechanisms in apatite formation. One of them was proposed
by Schulz and Schulz (2005), in which the vacuolated sulﬁdeoxidizing bacteria (SOB) can concentrate polyphosphates in pore
water, where apatite is constantly precipitating. According to
Crosby and Bailey (2012), several factors may have an effect on
the rate of precipitation of apatite, such as the pH, redox potential,
the existence of suitable nucleation sites, activation energy for the
precipitation, and the microbial activity may inﬂuence all of them.
Williams and Reimers (1993) and Williams (1984) documented a
relation between bacteria and phosphorite formation in fossil
record. In their study, they suggest that SOB were involved in
phosphogenesis in fossil microbial mats with phosphate-rich
laminations under aphotic conditions. In Conophytons, the fact
that bioﬁlm I is located in the deepest layer of dark-grey laminae
exposes it to constant sunlight deprivation, since photosynthetic
bioﬁlms are always above them.
Shukla et al. (2020) described the inﬂuence of SOB in the
formation of phosphorites in association with bioﬁlms preserved
in Neoproterozoic shales. They argue that bacteria, in an
extracellular way, create redox conditions favorable to the
precipitation of phosphorites. In that case, the bacterial EPS
or the chemical ligands in the cell wall provide nucleation sites
and decrease the activation energy for the mineral precipitation.
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widespread over the bioﬁlm-preserved laminae and in fractures
ﬁlled diagenetically by ﬂuids. The Fe2+ is diffusely distributed in
regions of bioﬁlm preservation, possibly being interpreted as a
product of abiotic reduction of Fe3+ and/or product of the
reduction of Fe3+ through the action of iron bacteria as
electron acceptors from the biotic decomposition of organic
matter. The role of iron in microbial ecosystem is diverse: (I)
it allows the electron transfer in the system (the Fe3+ accept
electrons from microbes or Fe2+ donate electrons for oxidants);
(II) it serves as a sorbent in which the OM absorb Fe3+ in
minerals, and (III) the Fe3+ can serves as connective cement
binding OM and minerals (Chen et al., 2020). This last role is
what probably happened during the fossilization process of the
bioﬁlms in Conophytons of Cabeludo Paleontological Site.
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